Abstract Migraine is a neurologic disorder characterized by disabling attacks of throbbing headache with specific features and associated symptoms. Despite the recent discoveries in basic neurosciences, migraine pathophysiology is not completely understood. Nevertheless, in the last decades, advances in functional magnetic resonance imaging (fMRI) have significantly provided new insights into migraine mechanisms. Blood oxygen level dependent (BOLD) fMRI technique is the most commonly used method to explore brain function and connectivity due to high temporal and spatial resolution. The purpose of this review is to present a synthesis of recent BOLD-fMRI studies which have allowed us to elucidate the complex process involved in migraine pathophysiology.
Introduction
Migraine is the most prevalent neurologic disorder [1] due to recurrent episodes of cerebral disturbance, often influenced by genetic factors and lifestyle [2] , clinically characterized by disabling attacks of throbbing headache with specific features and associated symptoms [3] . Despite the recent discoveries in basic neurosciences, migraine pathophysiology is not completely understood and is a matter of ongoing research. However, in the last decades, advances in non-conventional neuroimaging techniques have significantly provided new insights into migraine mechanisms [4, 5] .
Because historical nuclear medicine studies [6, 7] , a plethora of functional magnetic resonance (fMRI) studies has been performed to investigate the neural circuitry involved into the pathogenesis of migraine [8] . The most commonly used method among fMRI techniques is the measurement of blood oxygen level dependent (BOLD) signal, based on the differences between magnetic characteristics of oxy-hemoglobin (diamagnetic) and deoxyhemoglobin (paramagnetic).In the brain, neuronal activity increases consistently with blood flow and oxy-hemoglobin and could be hence visualized by changes in the BOLD contrast. This method enables to explore brain function and connectivity with high temporal and spatial resolution [9] . Two major types of experimental designs utilized in BOLD-fMRI studies are block and event-related designs. Block design experiments are characterized by blocks of identical trial types to establish a task-specific condition. On the other hand, in event-related experiments BOLDfMRI response is modeled as the linear summation of the hemodynamic response to discrete events [10] . It is well known that migraine episodes are typically unpredictable while BOLD-fMRI studies require considerable planning and this justify the scarcity of fMRI data during spontaneous attacks of migraine [11] . In consequence, BOLDfMRI research field has been dominated by event-related experiments, specifically triggered migraine attack or experimental acute-pain studies, during interictal period. These BOLD-fMRI studies, although have provided several insight into migraine neuronal mechanisms, are afflicted by the bias of region of interest (ROI) approach, which induce to explore brain function in specific cerebral regions by ''a priori'' hypothesis. This makes this approach inappropriate to explore whole-brain functional changes in cerebral networks, likely involved in migraine pathophysiology [12] . Nevertheless, more recently, fMRI in the absence of experimental tasks and behavioral responses, performed with the patient in a relaxed ''resting'' state (RSfMRI), has allowed for the exploration of brain connectivity between functionally linked cortical regions. Among some different procedures already established and available from BOLD-fMRI, the seed approach [13] is the simplest to investigate spatial patterns, based on the direct correlations with time courses of signal change from a seed measurement. This technique is widely used in functional connectivity mainly due to its ease of interpretation and good sensitivity, however, its main limitation is the dependence on the a priori definition of a seed region, which prevents the method from studying multiple systems simultaneously. To overcome this limitation, blind source separation algorithms, such as independent component analysis (ICA), have become popular in functional connectivity analysis of BOLD-fMRI data. Indeed, independent component analysis (ICA) transforms individual patient RS-fMRI data sets into series of resting-state networks (RSN) maps, allowing for a voxel-based population analysis of whole-brain functional connectivity without the need to specify the ROI constituting the layout of the neural network [14] . The most commonly reported RSN are the default mode network (DMN), the FPN (or executive network), the sensorimotor network and the visual and auditory networks [15] .
The purpose of this review is to present an overview of BOLD-fMRI findings that have led to a better understanding of migraine pathophysiology.
Discussion
BOLD-fMRI studies have provided several insights into central ''migraine generating'' loci, brain network involved in pain processing and cortical spreading depression (CSD) phenomenon in both migraine subtypes (migraine with aura-MwA and migraine without aura-MwoA) [5] . These studies have been performed during migraine aura, ictal headache, and interictal period. Migraine aura remains one of the most intriguing topics in neurology, traditionally accounted as a distinct phase of the migraine attack and connected to the (CSD) phenomenon. Because its original extensive description by Leao in 1944 [16] many fundamental questions regarding its initiation, propagation, functional consequences, and relationship to migraine remain still unanswered [17] . Cao and colleagues [18] have investigated, for the first time by BOLD-fMRI, occipital cortex activation in visually triggered migraine attacks, showing that visual aura was preceded by suppression of activation, related to vasodilatation, slowly propagating into contiguous occipital cortex. Subsequently, these data were confirmed by the same research group although a BOLD signal increase was demonstrated in occipital cortex following red nucleus and substantia nigra activation [19] . These findings suggest that vasodilatation may be associated with the early phase of migraine attack and that brainstem nuclei could be considered as part of a neuronal network activated during a migraine attack. In the same years, Hadjikhani and colleagues [20] have shown that in MwA attacks BOLD signal increase originates in the extrastriate cortex (area V3A), is time locked and consistent with visual progression of a typical migraine aura. Further studies have supported that abnormal cortical excitability, likely due to a lower activation threshold of visual cortical and extra-striate areas [21] [22] [23] [24] , may represent an important pathophysiological mechanism in migraine aura. Subsequently, there has been a shift towards the study of ''functional abnormalities'' occurring between attacks both in MwA and MwoA. For example, interictal cortical response has been evaluated by means of different visual stimuli in MwA and MwoA patients confirming a tight connection between cortical hyperexcitability and migraine aura [25] . In the last years, many BOLD-fMRI studies have been performed using experimental pain stimulation to explore pain processing-related cerebral activity in migraine. These studies have shown a widespread subcortical and cortical brain network involved in pain processing in migraine subjects. However, one of the main challenges in the interpretation of these results is to differentiate findings consistent with a general pain response from those that might be specific to migraine [11, 12] . Nevertheless, a noxious stimulation paradigm, using a contact thermode [26] , has been extensively used in different BOLD-fMRI studies to elucidate mechanisms underlying pain processing in migraine subjects. Moulton and colleagues [27] have measured brainstem fMRI responses to noxious heat in migraine subjects, showing a reduced activity at the level of the nucleus cuneiformis, a component of brainstem pain modulatory circuits. After this work, similar experiments have been performed in migraine subjects and the same research group has shown an increased BOLD response of the anterior temporal pole in migraine subjects during the interictal period [28] . Similarly, during a moderate noxious stimulus we have demonstrated a significantly greater activation in the anterior cingulate cortex (ACC) and a significantly lower activation in the bilateral somatosensory cortex (SCC) during a severe noxious stimulus, in MwoA patients during interictal period compared to healthy controls (HC) [29] . In a subsequent study [30] , in response to different noxious S48 Neurol Sci (2013) 34 (Suppl 1):S47-S50 stimuli, we found a region in the pons showing divergent activation between migraine subjects and HC. Taken together, BOLD-fMRI data suggest a compensatory functional reorganization of pain processing network aimed at modulating pain perception. The hypothesis of a compensatory reorganization of anti-nociceptive network in migraine is supported by another BOLD-fMRI study, using repetitive trigeminal-nociceptive stimulation, which showed significant increased ACC and decreased SSC responses in MwoA patients [31] . The same authors reported a cycling behavior of the spinal trigeminal nuclei activity in response to nociceptive stimulation, demonstrating that the trigeminal activation level increases over the pain-free migraine interval [32] . More recently, Stankewitz and May [33] have investigated neuronal substrates of olfactory stimulation during migraine attack and interictal period and, at a later stage, using both trigeminonociceptive and olfactory stimuli, explored neuronal correlates of habituation in migraine subjects [34] . In the first study, during spontaneous and untreated attacks, in response to olfactory stimulation migraine subjects showed a significantly increased activation in limbic structures and in the rostral pons compared to HC. In the other study, pain and olfactory ratings exhibited divergent behavior in patients and HC, related to bilateral anterior insula, middle cingulate cortex and thalamus activity which was increased in migraine subjects but decreased in HC. These data have highlighted a strong physiologic relationship between the olfactory and the trigemino-nociceptive pathways in the pathophysiology of migraine and have clarified that impaired habituation in functional brain systems is fundamental only to specific modalities (e.g. trigemino-nociceptive stimulation). More recently, RS-fMRI has been applied in studies focused on migraine, to assess alterations of baseline intrinsic brain activity, likely related to longterm migraine attacks. Along this research line, Mainero and colleagues [35] have analyzed the alteration of baseline functional interaction within the periaqueductal gray matter networks. Yu and colleagues [36] have applied regional homogeneity method to analyze local temporal homogeneity of intrinsic fluctuation, and investigated the functional connectivity alterations of regions showing morphometric deficits during rest condition. In a recent RSfMRI study, we have demonstrated a decreased functional connectivity of FPN, known to be associated with executive functions, in MwoA patients without significant neuropsychological executive deficits [37] . These findings revealed that the observed FPN reduced connectivity may underlie daily living difficulties commonly reported by patients experiencing migraine. Studies to evaluate both structural and functional cortical measures was used by several authors [35] [36] [37] [38] [39] [40] , highlighting the impact of enduring migraine pain over brain function and contributing to the idea that long-term and high-frequency headache attacks may cause both structural and functional connectivity network reorganization. Furthermore, RS-fMRI findings may provide specific insights into compensatory functional reorganization mechanisms of the migrainous brain aimed at modulating both pain perception intensity and emotional/cognitive reaction to pain [39, 40] . In conclusion, BOLD-fMRI studies have improved our knowledge of migraine mechanisms underlying migraine aura and neuronal activation during migrainous and experimental pain processing in migraine patients. On the other hand, further studies are needed to better elucidate the neural correlates of different phases of migraine attack to clarify the complexity of migraine pathophysiology.
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